Successful drug delivery via lipid-based systems has often been aided by the incorporation of 'helper lipids'. While these neutral lipids enhance the effectiveness of cationic lipid-based delivery formulations, many questions remain about the nature of their beneficial effects. The structure of monolayers of the cationic lipid dimethyldioctadecylammonium bromide (DODAB) alone, and mixed with a neutral helper lipid, either diolelyphosphatidylethanolamine or cholesterol at a 1 : 1 molar ratio was investigated at the air -water interface using a combination of surface pressure -area isotherms, Brewster angle microscopy (BAM) and specular neutron reflectivity in combination with contrast variation. BAM studies showed that while pure DODAB and DODAB with cholesterol monolayers showed fairly homogeneous surfaces, except in the regions of phase transition, monolayers of DODAB with diolelyphosphatidylethanolamine were, in contrast, inhomogeneous exhibiting irregular bean-shaped domains throughout. Neutron reflectivity data showed that while the thickness of the DODAB monolayer increased from 17 to 24 Å as it was compressed from a surface pressure of 5 -40 mN m
INTRODUCTION
Cationic lipid-based vehicles (known as lipoplexes) have long been used for the delivery of genetic material into cells [1] . However, it is widely recognized that the efficiency of nucleic acid delivery achieved using lipoplexes is limited, with the further problem that the cationic lipids employed are toxic to cells [2] . In an attempt to increase the transfection efficiency [3, 4] , at the same time mitigating the toxicity owing to the cationic lipids [5] , neutral 'helper' lipids such as cholesterol and dioleoyl phosphoethanolamine (DOPE), are added to the lipid vesicles used in the preparation of DNA : lipid complexes, or lipoplexes.
One of the lipids used in the preparation of such lipoplexes (and the one chosen for this study) is the commercially available lipid, dimethyldioctadecylammonium bromide (DODAB). This lipid has been shown to be successful in delivering nucleic materials in vitro when used as sole lipid [6] , although its effectiveness is increased in the presence of neutral helper lipids such as DOPE and the cholesterol derivative, PtdChol [7] . Previous studies have investigated the structure of a DODAB monolayer at the air -water interface [8 -11] , sometimes in the presence of DNA [12, 13] but (to the authors' knowledge) there have been no studies concerned with the effect of a helper lipid on the structure of the DODAB lipid monolayer.
Based upon the findings of a number of small-angle X-ray scattering and optical microscopy studies, it has been proposed that the neutral helper DOPE aids transfection by promoting fusion of the vehicle with cellular membranes [14] . Cholesterol, in contrast, is believed to improve transfection by protecting the DNA from degradation by DNases in the body [15] and may also have some effect on the fluidity of the cellular membrane [16] . In addition, cholesterol has been shown to be effective in reducing the binding of serum proteins to lipoplexes [17] , thereby improving transfection of DNA, both in vitro and in vivo.
The aim of the present study was to lay the foundation for future studies on DODAB : DNA mixed monolayers by determining the effect of the neutral helper lipids on the conformation and packing of cationic lipid molecules used to prepare lipoplexes. Studies have shown that lipid monolayers at the air-water interface are good models of vesicles [18] , which are used to prepare lipoplexes and have thus been used in the present study to investigate the changes elicited in the structure of cationic lipid monolayers by the presence of helper lipids. Neutron reflectivity and Brewster angle microscopy (BAM) studies of the lipid monolayers have been used here to determine the organization of the molecules comprising the monolayers across and parallel to the air-water interface, respectively. The effect on the structure of the DODAB monolayer was investigated for two of the most commonly used helper lipids-DOPE and cholesterol.
EXPERIMENTAL SECTION

Materials
Dimethyldioctadecylammonium bromide (MW 630.95 g mol 21 ;
.99.0% purity; C 38 H 80 NBr) was purchased from Sigma-Aldrich (Poole, Dorset, UK). Dimethyldi(octadecyl-d 37 .98% purity; C 27 H 45 OH) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE; MW 744.05 g mol 21 ; 100% purity; C 41 H 78 NO 8 P) were obtained from Avanti Polar Lipids (Alabaster, AL, USA). In the case of d 74 -DODAB, electrospray mass spectrometry (EPSRC National Mass Spectrometry Service Centre, Swansea) was also used to check purity. Ethanol (AnalaR) and chloroform (Spectroscopic grade) were purchased from BDH Chemical Ltd (Poole, Dorset, UK). Sodium chloride (NaCl; AnalaR, BDH Chemical Ltd) was heated to 5308C for 26 h in a muffle furnace in order to remove any organic contaminants. It was found that the NaCl, as provided by the manufacturer, lost less than 0.1 per cent of its mass during the dry combustion process. Water was either deionized water, double-distilled in a well-seasoned still (purity was regularly checked spectroscopically and by surface tensiometry-a surface tension of 72.8 + 1 mN m 21 at 208C was deemed acceptable), or purified using a Millipore Milli-Q system to a resistivity of 18 MV cm. D 2 O (99.9% deuteration) was supplied by Aldrich.
Surface -pressure area ( p -A) isotherms
Prior to all measurements, the Nima 601 Langmuir trough (Coventry, UK) was thoroughly cleaned, first with chloroform, then ethanol and finally copious amounts of ultrapure water. The trough was filled with 300 ml of an aqueous subphase containing 10 mM NaCl. Monolayers of DODAB or DODAB and helper lipid at a 1 : 1 molar ratio were prepared by depositing the lipids on the surface of the aqueous subphase from a chloroform solution (typically 20 ml of a approx. 2 mg ml 21 lipid solution) using a Hamilton syringe (Bonaduz, Switzerland). In the case of the mixed DODAB : helper lipid monolayers, the molecular weight used to calculate the area per molecule was the average of the molecular weights of the DODAB and the neutral helper lipid. The chloroform solvent was allowed to evaporate over approximately 10 min after which time the lipid film was compressed at a barrier speed of 30 cm 2 min 21 (corresponding to compression rates of 7.9 Å 2 per molecule-min for DODAB monolayers, 7.3 Å 2 per molecule-min for DODAB : cholesterol monolayers and 8.6 Å 2 per molecule-min for DODAB : DOPE monolayers), and the surface pressure ( p)-area (A) isotherm was recorded. The surface pressure of the monolayer was continuously measured as a function of lipid molecular area using a Wilhelmy plate (10 Â 50 mm filter paper; Whatman International, Maidstone, UK) immersed in the aqueous subphase and attached to a surface pressure sensor. Each experiment was repeated at least three times to ensure the reproducibility of the results. The stability of the lipid films was checked by maintaining the surface pressure at a predetermined value and monitoring any change in surface area over time. No change in the behaviour of the various DODAB-containing isotherms was observed over the temperature range used in this study, namely 22 + 28C.
Brewster angle microscopy
The surface of each lipid monolayer was imaged at predetermined surface pressures using a Brewster angle microscope (BAM2, NDF, Göttingen, Germany) mounted above a Nima 601 Langmuir trough (Coventry, UK) at 22 + 28C. The wavelength of the laser was 532 nm and the angle of incidence for all measurements was the Brewster angle for water (i.e. approx. 538 relative to the normal of the water surface). The BAM images were recorded on a charge-coupled device camera, such that the size represented by each image is 430 Â 538 mm. The background was subtracted from each image; which was then corrected geometrically using image processing software (NDF). Each spread monolayer was compressed only once as the surface structure of the film was observed to vary slightly according to its history-as noted by previous workers [10] . However, repeated experiments were performed, each using a fresh monolayer to ensure that the images formed for a given system at a given surface pressure were reproducible.
Specular neutron reflectivity experiments
The specular neutron reflectivity (SNR) measurements of the DODAB-containing monolayers were carried out on the SURF beam line at the ISIS Facility, Rutherford Appleton Laboratory (Chilton, Oxfordshire, UK) and on the FIGARO beam line at the Institut Mixed cationic/helper lipid monolayers A. P. Dabkowska et al. 549
Laue-Langevin (Grenoble, France). SURF data (figures 6-8 and electronic supplementary material, figures S3-S11) were collected at an incident angle (relative to the plane of the surface) of 1.58; FIGARO data (figure 8 and electronic supplementary material, figures S9-S11) were collected at the incident angles of 0.628 and 3.88. In both cases, instrument calibration was performed using a pure D 2 O subphase. Flat backgrounds-the nature of which was confirmed visually for each dataset-were subtracted from all reflectivity profiles, with the background level for ISIS measurements determined by extrapolation to high momentum transfer, and for ILL measurements determined through the simultaneous acquisition of off-specular data on the area detector.
For each of the studied monolayer systems, the reflectivity measurements were recorded for three different (H/D) contrasts: d 74 -DODAB on air-contrast matched water containing 10 mM NaCl (acmw The majority of the data were obtained using the SURF reflectometer at ISIS, although the data obtained for the mixed DODAB : DOPE monolayers were obtained through a combination of experiments performed at ISIS and at ILL. In the determination of partial structure factors for the DODAB : DOPE monolayers, therefore, because of differences in Q intervals for the SURF and FIGARO measurements, it was necessary to interpolate the FIGARO data points to give reflectivities at Qvalues which matched those employed for SURF measurements. It should be noted here, however, that the resulting 'smoothing' of the FIGARO data in no way compromised either the resolution or the interpretation of the data, as the interpolations were only performed over very small intervals in Q, of the order of 0.005 Å
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. The scattering lengths and volumes of the molecular components used in this study are summarized in table 1. The volume of the DODAB head group was calculated as the sum of the volumes of two methyl groups [19] , a nitrogen and a bromide as calculated from the atomic radius, while the volume of the PE head group was the sum of the volumes of phosphate, glycerol, carbonyl and ethanolamine groups [19] . The volumes of the chains were calculated as the sum of CH 2 , C ¼ C and CH 3 groups as described by Armen et al. [19] , while the volume of cholesterol was taken as reported from neutron diffraction and simulations of bilayers [20] . The scattering length was calculated from the atomic scattering length of the constituent atoms. The presence of 10 mM NaCl was determined to have a negligible effect on the scattering length density of the two subphases used. The DODAB-containing monolayers were prepared as described above using a NIMA trough (Coventry, UK) placed on an anti-vibration . The monolayer reflectivities, R(Q), were determined as a function of the momentum transfer, Q ¼ 4p sin(u)/l, where u and l are, respectively, the angle of incidence (relative to the plane of the surface) and wavelength of the incident neutrons.
Neutron reflectivity data analysis
The neutron reflectivity data were modelled by means of simple Guinier(-type) analyses [21] -using the measurements made for deuterated systems only, to provide surfactant layer thicknesses and interfacial molecular areas-and by kinematic analyses [22, 23] using the measurements for all h-and d-contrasts, to provide surfactant layer thicknesses and molecular areas, and also the solvent layer thicknesses and surfactant -solvent separations.
For the monolayers involving d 74 -DODAB spread on acmw containing 10 mM NaCl, the specular reflectivity (R(Q)) arises primarily from the interfacial layer and a (Guinier-type) plot of ln(R(Q).Q 2 ) versus Q 2 was used (via the slope, s) to provide an estimate of the second moment thickness of the distribution for the deuterated species, t A ¼ p (2s), and (via the intercept on the ordinate, t) to obtain an estimate of molecular area of the interfacial species, a 0 , as:
where N A is Avogadro's number and b A is the sum of the coherent scattering lengths. Assuming then that the interfacial layer is modelled satisfactorily as a uniform slab, the thickness of the slab is obtained as t A p 12, and if we assume instead a Gaussian distribution of width s A , we have s A ¼ t A p 8. Following the kinematic approximation, the SNR profiles were also analysed in terms of partial structure factors for the molecular components of the monolayers [24] . The components considered included the solvent within the monolayer and either the DODAB molecule (for the DODAB monolayer) or the DODAB : helper lipid 'super-molecule' (for the DODAB : cholesterol or DODAB : DOPE monolayers). The term 'super-molecule' is used to describe the combined areas of the DODAB and the helper lipid molecules. In the latter case, it should be noted that the device of the super-molecule (with DODAB and the helper lipid being treated as a single entity) was used purely as an analytical convenience, dictated by the fact that the helper lipids were used only in their undeuterated form, and does not imply any specific complexation between DODAB and the helper lipid. (In order, therefore, to compare the interfacial areas obtained from SNR with those obtained from the Langmuir isotherm studies, it is necessary to divide the former by a factor of two.) The three partial structure factors, h AA , h SS , and h AS were determined and describe the distributions of the lipid/amphiphile (A) and the solvent (S), and the cross-term between these two distributions.
The monolayer reflectivity can be defined as:
ð2:2Þ
where Q is the momentum transfer and b A and b S are the sums of the atomic scattering lengths (in ångströms) for the lipid and the solvent, respectively. The partial structure factor for the lipid distribution, h AA (Q) was modelled using a Gaussian function:
where n A0 is the surface excess and s A is the Gaussian width of the distribution. The distribution of the solvent across the interface was modelled assuming a tanh profile, thus the solvent structure factor, h SS , is then given as:
where z is the width of the layer and n 0 is the bulk solution number density, constrained as 0.0333 Å 23 . The partial structure factor h SA describing the cross term for the lipid and the solvent distributions was modelled as:
where d SA is the separation between the midpoints of the two distributions.
RESULTS AND DISCUSSION
Surface -pressure area ( p -A) isotherms
The effect of the helper lipids, cholesterol and DOPE, on DODAB monolayers was studied by determining their p-A isotherm when spread on an aqueous subphase containing 10 mM NaCl. The isotherm for DODAB on the 10 mM NaCl aqueous subphase (solid line, figure 1 ) exhibits an expanded region at large areas per molecule, with a plateau at intermediate areas per DODAB molecule of between 90 and 65 Å 2 , and a condensed region at areas per molecule of less than 62 Å 2 . Contrary to other researchers who report a large hysteresis for DODAB monolayers on pure water [10] , we here observed only a very slight hysteresis upon decompression and recompression of the DODAB film (electronic supplementary material, figure S1 ). To err on the side of caution, however, each DODAB-containing monolayer examined in the present study was freshly prepared. Electronic supplementary material, figure S2 gives an example of an isotherm showing the collapse of a DODAB monolayer on an aqueous subphase containing 10 mM NaCl. As previously noted by Vranken et al. [9] , published isotherms of DODAB vary in terms of collapse surface pressure, lift-off area, and position and length of the plateau, owing to the sensitivity of the lipid to temperature and subphase salt concentration, and the isotherm reported here, although qualitatively similar, differs in terms of the aforementioned features from those presented for DODAB on pure water (see [8,9,11,25 -28] ).
Isotherms of the monolayers formed by the head group (d 3 -) and chain (d 74 -) deuterated versions of DODAB were also examined (figure 1) in order to verify that deuteration of the DODAB molecule did not cause any significant deviation in surface behaviour, particularly at the surface pressures of interest here, namely 5, 20, 30 and 40 mN m
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. Although not used in the present study, the d 3 -DODAB (dashed line, figure 1) exhibited an isotherm very similar to that of DODAB-the slightly larger area per molecule seen in the first part of the condensed region being a consequence of the low level of deuteration present in the head group. In contrast, however, the isotherm of the alkyl chain (d 74 -) deuterated version of DODAB (dotted line, figure 1) was significantly different from that of DODAB but only in the region of the phase transition of the lipid monolayer from its expanded to its condensed phase, as in other regions, the isotherms overlay one another. In particular, the phase transition of the d 74 -DODAB film occurs at a smaller area per molecule than for the hydrogenous form. This result was not unexpected because it is well-known that chain deuteration affects the phase transition of lipids in that the chain-deuterated form of the lipid exhibits a slight reduction in the temperature of the onset of the change from a gel to liquid crystalline phase [ 29, 30] . This effect is thought to be owing to the slightly lower value of the CD bond length compared with that of the CH bond resulting in a decrease in the interlocking of the hydrocarbon chains which facilitates the onset of disorder at lower temperatures. Fortunately for the present study, the effect of chain-deuteration is not noticeable at the surface pressures employed in the subsequent BAM and neutron reflectivity studies. The isotherm of a unimolar mixture of DODAB : cholesterol on an aqueous subphase containing 10 mM NaCl (figure 2) was different from that obtained using pure DODAB in that it exhibited no discernable phase transition, almost immediately forming a condensed phase at average areas per molecule smaller than approximately 55 Å 2 . It is clear that the presence of cholesterol abolishes the abrupt phase transition from expanded to condensed phase observed for pure DODAB monolayers. Furthermore, the collapse surface pressure increased from approximately 50 mN m 21 observed for the pure DODAB monolayer to approximately 55 mN m 21 (electronic supplementary material, figure S2) indicating the production of a more stable film. No hysteresis for the DODAB : cholesterol monolayer was noticed upon repeated compression and decompression of the monolayer film.
The addition of the sterol to the DODAB monolayer caused a shift in the isotherm (figure 2) towards a smaller average molecular area (i.e. approx. 42 [27, 34] . Reassuringly, the isotherm measured for DODAB/cholesterol in the present study is similar to that reported for the same lipid mixture by Hac-Wydro et al. [27] . Electronic supplementary material, figure S1 shows that there was no hysteresis observed for the mixed DODAB : cholesterol monolayer (also consistent with the findings of Hac-Wydro et al.) and only a slight difference in the isotherm obtained for the mixed d 74 -DODAB : cholesterol monolayer (figure 2, dotted line). In contrast to the DODAB monolayers containing cholesterol, the isotherm of an equimolar mixture of DODAB : DOPE on an aqueous subphase of 10 mM NaCl (figure 3) exhibited and remained in an expanded state from the lift-off area of approximately 120 Å 2 until its collapse at an area per molecule of approximately 60 Å 2 . As was the case for the cholesterol-containing monolayer, the presence of DOPE as helper lipid abolished the phase transition observed for the monolayer comprising only DODAB. Like the DODAB and DODAB : cholesterol monolayers, the DODAB : DOPE monolayer showed little hysteresis upon recompression (electronic supplementary material, figure  S1 ). Electronic supplementary material, figure S2 gives an example of an isotherm showing the collapse of a DODAB monolayer on an aqueous subphase containing 10 mM NaCl, and shows that the addition of DOPE to the DODAB monolayer produces a slightly more stable film.
Brewster angle microscopy
BAM images were collected at several points during the compression of DODAB, DODAB : cholesterol and DODAB : DOPE monolayers on an aqueous subphase containing 10 mM NaCl (figure 4). The pure DODAB monolayer appeared homogeneous in the expanded region of the isotherm, i.e. less than 5 mN m 21 while in the plateau region, very small circular domains were initially observed, these structures then changing into large flower-like domains (of diameter 30-50 mm) upon further compression, eventually fusing to form a more homogeneous film containing a very small number of . These results are very similar to those of DODAB monolayers reported by Sun et al. [12] , although the lift-off area and location of the plateau occur at slightly different points on the isotherm owing to the differing experimental conditions. The mixed DODAB : cholesterol monolayer appeared homogeneous when visualized by BAM. However, at very low surface pressures (less than or equal to 5 mN m 21 ), the BAM images typically revealed the presence of 'bubble-like' features, which disappeared upon further compression-these structures are consistent with those previously reported for pure cholesterol monolayers [35] . Sparse domains were also present at higher surface pressures but these domains became smaller and scarcer as the surface pressure was increased beyond 30 mN m 21 when the monolayer appeared to be homogeneous.
BAM images of the mixed DODAB : DOPE monolayer revealed the presence of small, irregular bean-shaped domains that became more densely packed upon compression, although at surface pressures Mixed
, the domains did not fuse to form a film of homogeneous thickness. As this mixed monolayer does not undergo a phase transition (as evident in the recorded p-A isotherm), it is not unexpected that the domains remain during compression.
The chemical composition of these domains is not known but their presence signifies that, at the compositions used in the present study, the DODAB : DOPE monolayers are not ideally miscible. The heterogeneity of the monolayer will probably result in regions of the monolayer having different properties, such as charge density and lipid ordering, which may have implications for the binding of DNA. Significantly, however, from the point of view of the SNR measurements, the sizes of the individual domains and their clusters ( 8 mm and ,20 mm, respectively) were smaller than the coherence length of the neutrons (20-40 mm for the slit geometries used in the present SNR study). Consequently, any diffuse scattering arising from these phase-separated domains would not be expected to contribute significantly to the measured specular reflection. Therefore, the results of the analysis of the SNR data can be reasonably assumed to represent an average for the monolayer.
Specular neutron reflectivity
The SNR profiles measured for DODAB, DODAB : cholesterol and DODAB : DOPE monolayers on the 10 mM NaCl-containing aqueous subphase at 5, 20, 30 and 40 mN m 21 were analysed by means of Guinier plots (figure 5 and table 2) and in terms of partial structure factors and sample data for the latter are shown for all three DODAB-containing monolayers in figures 6 -8. Note that data collected at surface pressures other than 40 mN m 21 are presented in the electronic supplementary material. The structural parameters derived through these analyses were in all cases broadly consistent with the corresponding estimates derived from the Guinier plots (figure 5). It should be noted, however, that in the Guinier analyses, only the SNR data for the chain-deuterated DODAB molecule on acmw (s) were used, which means that the derived monolayer thickness values only really provide estimates of the C18 hydrophobe thickness and they are thus somewhat smaller than the values obtained from the corresponding partial structure factor analyses (which estimates the distribution width for the whole molecule).
The lipid distribution (h AA ) partial structure factor revealed that the monolayer of pure DODAB (figure 6 and electronic supplementary material, figures S3-S5) increased in slab thickness, t A , upon compression (table 3) , respectively; table 3), may be a consequence of the assumptions made in the calculation of the refractive index used for fitting the ellipsometric data [36] .
Although a similar trend in monolayer slab thickness, t A , was observed from the Guinier type analysis in that t A increased with increasing surface pressure from 15.9 Å at 5 mN m 21 to 22.5 Å at 40 mN m
21
(table 2), the thicknesses of the monolayer obtained were up to 8 per cent lower than that obtained from the partial structure factor analysis (table 3) and is a consequence of the fact that the Guinier type analysis is derived using just one contrast, namely d 74 -DODAB monolayers on acmw (s) . Regardless of the origin of these small differences, however, both analyses indicate that at the lower surface pressures, the DODAB molecules are either disordered and/or tilted, as the length of the fully extended (all trans) alkyl chain is calculated as 23.0 Å . The length of the entire DODAB molecule is thus calculated to be approximately 27 Å , i.e. the length of the fully extended chain plus the length of the head group (here taken as approx. 4 Å , using the experimental result obtained by others [37] for the same head group in dihexadecyldimethylammonium bromide). Using a thickness of 27 Å , the tilt angle is calculated to be 278 at 40 mN m 21 , which indicates that the DODAB molecules are slightly more upright than the measured tilt angle of 358 reported by others at 35 mN m 21 [36] . The areas per molecule obtained from the Guinier plots were consistent with those obtained by partial structure factor analysis, as well as those extrapolated from the surface pressure -area isotherm (electronic supplementary material, table S1). As expected, for the DODAB monolayers, the thicknesses obtained (table 3) suggest that at low surface pressures, i.e. less than 10 mN m
, the lipid chains are relatively disordered and/or tilted but that this disorder decreases as the monolayer is compressed.
The solvent separation (d SA ), obtained from equation (2.5) , and the partial structure factor (h SA ) describing the cross term for the lipid and the solvent distributions showed the distance between the midpoint of the DODAB distribution and the midpoint of the solvent distribution to be 5.9 Å at a surface pressure of 5 mN m 21 (table 3) , and suggest that the solvent partially wets the DODAB molecule when DODAB is in its expanded phase. As the monolayer was compressed to 20 mN m 21 (electronic supplementary material, figure S4 ) where the DODAB monolayer is in its condensed form (figure 1), the solvent separation rapidly increased to 9 Å and thereafter hardly changed upon the further compression of the monolayer to 40 mN m 21 (table 3) . The increase in solvent separation between surface pressures of 5 and 20 mN m 21 (table 3) is attributed to a decrease in the tilt on the DODAB chains and head groups. In addition, the thickness of the solvent layer was 4 -6 Å (table 3) suggesting that when DODAB is in its condensed state, only the head group region of the DODAB layer is wetted, as the thickness of the solvent layer is consistent with the thickness of the head group region (at approx. 4 Å ). The thickness of the pure DODAB monolayer at a surface pressure of between 30 and 40 mN m 21 (the lateral surface pressure in a cellular membrane is generally considered to be 30-35 mN m 21 (reviewed in [38] [39] [40] )) when expressed as the thickness of the equivalent slab was between 22 and 24 Å (table 3) . This value was satisfyingly close to half the thickness of the DODAB bilayer calculated to be 44.0 + 1 Å on the basis of small-angle neutron scattering studies on unilamellar vesicles of diameter 80 + 34 nm [41] , and suggests that the DODAB bilayer does not exhibit any interdigitation, showing that the parameters obtained for the DODAB monolayer are a good model for 'one half' of the bilayer.
In order to determine the hydration of the lipids as described by Ma et al. [42] , the number densities of the components of the monolayer were calculated in the z-direction (data not shown). At each point in the z-direction, z i , the quotient of the number densities, n, of the two components, n S (z i )/n L (z i ), where n S and n L are the number of solvent and lipid molecules, respectively, gives the number of water molecules associated with the DODAB molecule at that position in the monolayer. Here, the ratio was calculated at the midpoint of the DODAB distribution (z m ), with the integration performed between the limits z m + x, where x is half of the thickness of the DODAB molecule determined at the relevant surface pressure. (For example, x ¼ 12 Å in the case of the DODAB molecule at a surface pressure of 40 mN m 21 ; table 3.) This approach thus gives the number of water molecules associated with each DODAB molecule (table 3) . The DODAB monolayer is most heavily hydrated at 5 mN m 21 where there are 19 water (H 2 O) molecules found for each DODAB molecule. This value decreased dramatically as the monolayer was compressed, and after the plateau region, the hydration of the DODAB monolayer was found to be approximately seven H 2 O molecules per lipid. This is slightly higher than the figure of five H 2 O molecules obtained for a phosphocholine head group from SNR studies [43] , which is unexpected because evidence from gravimetric water adsorption studies suggests that while the choline component is responsible for strong water binding of lipids, a phosphatidylcholine head group adsorbs more water than a choline moiety [44] .
The partial structure factor analysis revealed that the addition of the neutral helper lipid, cholesterol, significantly altered the structure of the DODABcontaining monolayer (figure 7, table 4 and electronic supplementary material figures S6-S8). Initially, the slab thickness of the DODAB-containing monolayer at 5 mN m 21 was increased from 17 Å in the absence of cholesterol (table 3) to 26 Å in its presence (table 4) . Thereafter, the thickness of the monolayer increased steadily to 27 Å at 40 mN m 21 (and the Guinier analysis showed a similar trend, table 2). This monolayer thickness is more akin to the calculated thickness of a fully extended DODAB molecule than the value obtained from the DODAB monolayer as would be expected from the well-known condensing effect of cholesterol [34] , which was observed at all surface pressures investigated in the present study.
The area of the DODAB : cholesterol super-molecule was found to decrease from 81 to 73 Å 2 upon increasing the surface pressure from 5 to 40 mN m 21 (table 4) . The value of the area per super-molecule is slightly lower than twice the limiting average area per molecule of 42 Å 2 obtained from extrapolation of the isotherm (electronic supplementary material, table S1). Given the well-known errors inherent in determining the area per molecule from Langmuir isotherms [45] , it is thought that these differences are not significant. More importantly, the small change in thickness and area per super-molecule with surface pressure (table 4) is consistent with the surface pressure -area isotherm measured, which showed that the mixed DODAB : cholesterol monolayer is in a condensed phase even at very low surface pressures ( figure 2) .
As the hydrophobic chains in the DODAB : cholesterol monolayer are expected to adopt a more upright position than those in the pure DODAB monolayer, it is not surprising that the solvent separation is also greater than that seen for the DODAB monolayer. In addition, the solvent separation in the DODAB : cholesterol monolayer is only slightly increased from approximately 9 to 10 Å upon increasing the surface pressure from 5 to 40 mN m 21 (table 4) . In contrast to the pure DODAB monolayer (table 3) , there was no discontinuity in either the thickness of the cholesterol-containing monolayer or the solvent separation as the monolayer did not undergo a phase transition. The steep isotherm (figure 2) and small decrease in the area per super-molecule upon compression derived from the SNR data (table 4) are owing to the ordering effect of the cholesterol, which probably causes the alkyl chains of DODAB to adopt a more vertical orientation in the monolayer, as derived from the increased thickness, even at low surface pressures. It should be noted that analysis of the SNR data yields an average thickness for the mixed monolayer. Furthermore, as the length of a cholesterol molecule is reported to be approximately 17 Å [46] , it is reasonable to assume that the slab thickness (t A ) of 26-27 Å determined for DODAB : cholesterol mixed monolayer is a consequence of the DODAB chains being oriented vertically at the air -water interface, even at low surface pressures. This conclusion is further supported by a hydration value of approximately eight H 2 O/super-molecule obtained in the present study, which was found to be relatively invariant with surface pressures (table 4) . Cholesterol has been shown (using a combination of neutron diffraction and simulation) to be hydrated by only one H 2 O per cholesterol molecule [20] .
In contrast to the cholesterol-containing DODAB monolayer, the DOPE-containing monolayer, was in the expanded phase, and the SNR studies showed that the slab thickness of the monolayer increased steadily as the monolayer was compressed, from 25 Å at Table 2 . Structural parameters for deuterated lipid monolayers on 10 mM NaCl acmw (s) subphase at various surface pressures, derived from the Guinier-type transformation of reflectivity profiles. The Guinier area per molecule or super-molecule in the case of the lipid mixtures (a 0 ) and the slab thickness of the layer (t A ) were derived from the intercept and the slope of the plots shown in figure 5 , respectively. Note that for the monolayers containing helper lipids, the reported area is a sum of the areas of DODAB with cholesterol or DODAB with DOPE. The error is that calculated in the regression analysis. figure 3 ). The origin of this discrepancy in the area per molecule obtained at the lower pressures using the two techniques is not known at present but it is worth noting that the best fit to the SNR data obtained for the mixture of DODAB : DOPE (figure 8 and electronic supplementary material, figures S9-S11) deviates slightly at high Q, most probably owing to the two-lipid mixture being imperfectly modelled as a single layer and may, at least in part explain the discrepancy.
The thickness of the DOPE-containing DODAB monolayer is expected to be thicker than the pure DODAB monolayer because of the greater head group thickness of phosphatidylethanolamine based on its molecular structure. For example, the slab thickness of the DODAB : DOPE monolayer at 40 mN m 21 was 27 Å compared with 24 Å for the DODAB-only monolayer at the same surface pressure. The thickness of the solvent layer within the DODAB : DOPE monolayer, z S , increases from 5 to 10 Å as the layer is compressed from 5 to 40 mN m
, while the solvent separation, d SA , that is the distance separating the midpoint of the solvent distribution from the midpoint of the lipid distribution did not change, suggesting that the thickness of the lipid head group region is increasing upon compression of the monolayer owing to one or both of the DODAB or DOPE head groups becoming more vertically oriented.
It is clear from the volume distribution profiles that there is differential wetting of the lipid layer depending on the helper lipid composition, which is especially notable for the DODAB : DOPE monolayer (figure 9). The calculated lipid hydration of up to 18 H 2 O/lipid molecules for the DODAB : DOPE monolayer (table 5) is rather high and indicates that the DOPE-containing monolayer is more hydrated than the DODAB and DODAB : cholesterol monolayers. Possibly, the DODAB : DOPE layer contains more water because both the amino and phosphate groups of the DOPE are able to establish bonding with water. When in the expanded phase, monolayers of pure phosphatidylethanolamines (PE) that have the same head group but different lengths of chains and degree of unsaturation were found to have relatively high levels of hydration of 14-19 and 8-10 H 2 O/PE molecule, by X-ray diffraction and reflection [48] and X-ray diffraction [49] , respectively. Water vapour uptake studies have shown that a 1 : 1 molar mixture of egg phosphatidylcholine and egg phosphatidylethanolamine has an average hydration of 14 H 2 O molecules compared with just nine H 2 O molecules per lipid in pure phosphatidylethanolamine films [50] , which is consistent with the higher hydration value for DODAB : DOPE monolayers compared with the DODAB monolayers shown here.
The neutral helper lipids also alter the distribution of charges on the surface of the monolayer, a phenomenon that could affect the DNA-binding capacity. DODAB alone has the greatest charge density (one positive charge per 56 Å 2 at 40 mN m
) while, at the same surface pressure, upper-limit calculations indicate that the two helper lipids confer a lower charge density on the monolayer, as they are neutral. Assuming that the ionic dissociation of the cationic lipid is unaltered by changes in the monolayer composition, the DODAB : cholesterol monolayer is calculated to have one positive charge per 73 Å 2 and the DODAB : DOPE, discounting the zwitterionic pair of charges, and assuming ideal mixing of the two lipids, has one positive charge per 116 Å 2 . This potentially large difference in the spacing of charge is likely to be significant for the ability of these lipids to bind and order DNA, as the distances between adjacent phosphates on the DNA backbone . On the assumption that our approximations are correct as regards the charge state of DODAB and its uniformity of mixing with the helper lipids, it would appear that mixing of the cationic lipid with helper lipids would help match the charges to the DNA, with DODAB : DOPE matching most closely the charge spacing of DNA. However, this conclusion assumes that DODAB and DOPE are ideally mixed and, as lateral structures are plainly visible in the BAM images obtained for DODAB : DOPE, it is clear that the mixing is not ideal. As a consequence, it is likely that different domains within the monolayer may possess different charge densities resulting in DNA binding more favourably to one over another. Therefore, DOPE at this mixing ratio is not behaving as a ideal helper lipid and uniformly diluting the DODAB. Further experimental work would be useful in elucidating the domain composition and charge distribution and the effect of the addition of the helper lipid on DNA-binding.
CONCLUSIONS
The presence of either of the two neutral helper lipids studied induced significant changes in the structure of monolayers formed by the cationic lipid DODAB, which may have implications for the ability of the lipoplexes formed by these lipids to successfully deliver DNA. Close agreement from the comparison of the thickness of the DODAB monolayers obtained in the present study with half the bilayer thickness of the same lipid systems when in the form of vesicles lends support to the use of monolayer studies to aid in understanding the molecular architecture of the corresponding bilayers. As the lateral surface pressure in the biological membrane is widely considered to be of the order of 30-35 mN m 21 (reviewed in [38] [39] [40] ), it is most pertinent to compare the structure of the various DODAB-containing monolayers at surface pressures between 30 and 40 mN m [52] and determined by ourselves).
These differences in the lipid interfacial areas mean that the charge density of the various monolayers could potentially vary very significantly, with the DODAB : DOPE and DODAB monolayers possessing the least and most densely charged layers, respectively. As a helper lipid, cholesterol increases the Mixed cationic/helper lipid monolayers A. P. Dabkowska et al. 559
spacing of the charges of the monolayer making the charge distribution match that of DNA more closely, assuming that the charge distribution is independent of the film composition. Furthermore, owing to the highly condensed nature of the DODAB and the DODAB : cholesterol monolayers, it might be expected that they would be the monolayers least likely to re-arrange to accommodate a favourable charge interaction with DNA.
Finally, the more heavily hydrated nature of the monolayers containing DOPE compared with the monolayers of DODAB, alone or in combination with cholesterol, at first glance appear to be significant in determining its favourable interaction with DNA. Furthermore, the more expanded nature of the DOPE-containing film may allow it to undergo a rearrangement to increase binding to DNA. However, the lateral inhomogeneities present in the monolayer indicate that DODAB and DOPE are not ideally miscible on the micron scale as shown by BAM, and that DOPE is not behaving as an ideal helper lipid.
